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Abstract. We report a study of using photonic crystal fibers (PCFs) for high pressure applications. An opto-mechanical 
analysis was realized in regular PCFs and suspended-core microstructured optical fibers for different fiber geometrical 
parameters. It was found that the pressure sensitivity is highly dependent on the fiber structure. It was also experimentally 
shown that even small core PCFs with high air filling fraction can deal with pressures as high as 500 bar (7350 psi) 
without any noticeable problem. 
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INTRODUCTION 
Photonic crystal fibers (PCFs) revolutionize the field of optics and photonics allowing the control of the fiber 
guidance properties with more freedom and in new regimes. The fiber's microstructure, usually formed by air holes 
in a glass or polymer background, allows stronger mode confinement and a wide chromatic dispersion control. In 
another direction, the cross section of the fiber can also be post-processed (functionalized) allowing, for example, 
sensing biological samples or plasmonic applications [1]. Apart its optical characteristics, the microstructure 
mechanical properties can also be tailored. Playing with the fiber microstructure allows, e.g., control over the fiber 
sensitivity to external or internal [2] pressure with direct applications in pressure sensors or devices. 
Intensity encoded optical fiber pressure sensors based in induced loss due absorption or bending were already 
shown. Phase or polarization encoded based sensors using the material refractive index change due the elastooptical 
effect allow, however, more freedom in designing the sensing element. The use of single material fibers, as most of 
the microstructured ones are, allow reducing cross sensitivities, e.g., to pressure and temperature simultaneously. 
In this work the effective refractive index of the fundamental mode was modeled for pressures until 1000 bar for 
a set of regular PCFs in a range of different parameters, namely the pitch (distance between consecutive holes) and 
the ratio d/pitch (hole diameter/pitch), and for fibers with just one ring of holes (Y-shaped fiber) [3]. Experimentally 
we characterize a silica photonic crystal fibers showing that the microstructure can deal with pressures as high as 
500 bar. The change in the effective refractive index was characterized. 
MODELLING 
The commercial full-vector finite element package COMSOL® Multyphysics with the electromagnetic and 
mechanical modules was used in order to model the fiber structure. For calculating the stress distribution within the 
fiber and the correspondent change in the material refractive index we used the following elastic properties of silica: 
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Young's modulus, E=7.25x10^° Pa, Poisson ratio, v= 0.165 and stress-optic coefficients, Ci= -0.69*10"^^ m^/N and 
C2= -4.19*10"^^ m^/N. The effective refractive index («eff) of the fundamental mode was calculated for each 
wavelength QC) using the material refractive index from Sellmeier equation and taking in account the stress induced 
contribution [4]. The influence to «eff due the fiber deformation is small for pressure below 1000 bar and was not 
considered here. 
The dependence of «eff with the external hydrostatic pressure was calculated for regular PCFs (Fig. 1 a) presenting 
five rings of holes and an overall diameter of 125 \xm. Figure lb show the effective refractive index (fundamental 
mode) difference (A«eff) at }t=633nm between the pressurized and not pressurized fiber in function of the hydrostatic 
pressure and for different d/A. As can be observed, the higher d/A, the smaller A«eff- The inset in Fig. lb shows A«eff 
at 1000 bar in function of d/A for A=2.5 \xm and the 633nm wavelength. Enlarging the holes in respect to the pitch 
helps to screen the influence of the applied pressure reducing then the induced refractive index change. 
Reducing the ratio A/X helps spreading out the fundamental mode what makes wavelength-scale core fibers less 
sensitive to the applied pressure. Figure Ic plots A«eff at 1000 bar versus A/ X. These data were realized for a fiber 
with d/ A = 0.5 and at a fixed wavelength of 1550 nm varying the pitch from 0.775 to 2.5 microns. 
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FIGURE 1. (a) Regular PCF cross section (d=hole diameter, A=pitch); (b) Pressure induce change in the fundamental effective 
refractive index (A«eff) for X = 633 nm - from lower curve to the top: d/ A = 0.95 / 0.9 / 0.8 / 0.7 / 0.6 / 0.5, inset: A«eff for 1000 
bar in function of d/A; (c) Awgff versus A/X (modeling made for fixed wavelength - 1550 nm - and varying pitch). 
Another class of solid core microstructured optical fibers was also analyzed, in particular different types of 
suspended-core ones. Here a silica core is suspended by three bridges. Figure 2 shows a schema of this structure that 
presents two design parameters, the web thickness (w) and the core diameter (D). 
FIGURE 2. Suspended-core fiber cross section (D=core diameter, w = web thickness) under hydrostatic pressure. 
The same analysis done for regular PCFs was realized here. Table 1 summarize the results of A«eff (at 1000 bar, 
calculated for two wavelengths, 633 and 1550 nm) for the fiber of Fig.2 with w=850 nm, external diameter of 
125 \xm and for different core diameters (D). When the fundamental mode is degenerated the average value was 
included. 
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Table T Changes in the effective index (A«eff) of suspended-core fiber for a hydrostatic applied pressure of 1000 bar. 
^=633 nm 
A,=1550 nm 
D = 0 | im 
6.42 * lO-" 
5.48 * 10"" 
D = 2.5 nm 
3.93 * lO-" 
3.97 * 10"" 
D = 5.0 |im 
2.05 * lO"" 
2.06 * 10"" 
According to the results presented in Fig. lb and Table I, the most sensitive fiber regarding the change in the 
effective index, is the suspended core fiber without a circular core (D=0 \xm in the schema of Fig. 2, Y-shaped fiber 
[3]). At }t=633 nm, A«eff for such structure can reach 6.42*10"" for 1000 bar of hydrostatic external applied pressure 
while the best result in Fig. lb (d/A=0.5) has a maximum value of 4.71* 10"" for the same 1000 bar. Analyzing the 
results in Table I we note that as we increase the core size (D from zero to five microns) the change in the effective 
index actually reduces instead of increasing as occurs for regular PCFs (see Fig. Ic). 
Modeling such kind of fiber but with a distorted non-circular external cladding interface [6] showed that, as 
expected, the fundamental effective index (without applied pressure) is barely affected as the mode is highly 
confined in the core. The effective index at high pressure is, however, strongly affected due this cladding in-
homogeneity. A«eff as high as 9.86 *10"" was obtained for a particular cladding distortion (}t=633 nm, D=0 |jm). 
Reproducibility in the production of such distorted fiber can be, however, an important issue. 
OPTICAL CHARACTERIZATION 
Very few reports have been made regarding the mechanical properties of micro structured optical fibers for very 
high pressures (> 10000 bar) [6,7]. The conclusions about the influence of the air holes are still a bit unclear. While 
the report [6] shows the possibility of some PCFs having a higher strength than standard single mode fibers, 
Kosolapov [7] results point in the opposite direction. The possibility of using high air filling fraction PCFs in 
pressures around 500 bar wasn't tested yet. 
Here we use PCFs in hydrostatic pressures over 500 bar and check if a real microstructured fiber (made by 
stacking and draw technique in a clean room, but without any special care) with tinny bridges (thickness -300 nm) 
forming the cladding can cope with several cycles of 0-500 bar pressurization. Figure 3a shows a scanning electron 
microscope (SEM) image of one of the PCFs after this test. No noticeable permanent deformation could be 
visualized indicating that the thin glass bridges in the fiber structure could cope with this range of external 
hydrostatic applied pressure. The effect of long-term pressurization was not characterized and will be studied. 
FIGURE 3. (a) SEM picture of a solid core PCF after several cycles of 0-500 bar pressurization: no noticeable effect; 
(b) Schema of the interferometric characterization setup (M=mirror, WP=wave plate, BS=beam splitter, Obj=objective). 
To measure the waveguide sensitivity to high pressures the fiber was placed in one arm of a Mach-Zender 
interferometer (Fig. 3b). Here we defined the fiber sensitivity (S) as the ratio between the phase difference and the 
applied pressure (P) and fiber length (L). The phase change (A^) can be estimated counting the number of fringes 
(m) that passes over a fixed detector: Is.(f> = In • m • 
(b In 
S-. 
P-L l-P 
•A« eff 
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Hydrostatic pressures, varying from 0 to 500 bars were applied over a short (L=26 mm) length of the fiber shown 
in Fig.3a by using a manual hydraulic pump. Figure 4 shows a typical detector signal when a 350 bar pressure is 
removed from the fiber. This signal represents the interference fringes movement due the decrease in the applied 
pressure. As can be observed fast noise oscillations occur in the beginning (<0.5 seconds) of the measurement. 
Initial investigation relates this noise to our pressure setup, in particular in the valve that is used to release the high 
pressure. Work is being done to improve our signal to noise ratio but qualitative agreement of the expect phase 
difference occurs with the modeled result for such fiber (Sniodeied= 3.97 rad/(bar.m)). 
5" 0 ,4 
g) 
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FIGURE 4. Oscilloscope signal of the interference fringe movement due the hydrostatic pressure variation over the fiber 
(L=26mm, AP=350 bar) 
CONCLUSIONS 
Using a finite element package we calculated the stress distribution within a microstructured optical fiber and its 
influence over the fundamental effective refractive index. By using a regular PCF (with five rings of holes) we 
study, for the first time, the influence of the fiber geometrical parameters over the fiber sensitivity. A suspended-
core like fiber was also investigated. A setup to experimentally characterize the fiber over pressures as high as 700 
bar was built. Initial measurements were realized with good preliminary agreement with the modeled results. 
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